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Abstract  
Purpose: As drop vertical jumps (DVJ) are widely used as a screening task, the assessment of 
the reliability of lower limb biomechanical parameters during DVJs  is important. The aim of 
this study was to assess the reliability of the kinematic and kinetic peak values as well as of the 
waveforms for lower limb parameters obtained with the Liverpool John Moores University 
biomechanical model (LJMU-model) during performance of DVJs. Methods: The reliability 
was analysed by calculating the inter-trial, inter-session and inter-therapist errors of hip and 
knee joint parameters in a repeated-measures design including two therapists and a total of six 
sessions. Results: The results showed inter-trial errors (otrial) that ranged from 1.1° - 3.5° for all 
peak kinematic parameters and from 3.6 N . m – 12.9 N . m for all peak kinetic parameters. The 
inter-session errors (osess) of the peak values ranged from 1.9° - 5.7° for all angles and from 5.4 
N . m – 19.8 N . m for the hip and knee joint moments in all planes. The inter-therapist error 
(other) of the peak values ranged from 2.7° - 6.4° for all angles and from 5.8 N . m – 22.4 N . m 
for all moments. The vast majority of the kinematic and kinetic peak parameters had other -trial  ≤ 
2.0° and 4.3 N . m respectively suggesting a small extrinsic variability. Furthermore, the entire 
waveforms also showed a rather high inter-trial error relative to other types of variability.  
Conclusion: The present findings indicated that DVJs kinetics and kinematics show small 
extrinsic variability. The reported errors are useful for clinical interpretation processes of DVJ 
performance as screening task for injury risk and rehabilitation outcome taking into 
consideration the different types of measurement error over time.  
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Lower limb injuries are very common during dynamic sports activities accounting for 
approximately 70% of all sports related injuries affecting the lower extremities (1,19). More 
specifically, patellofemoral pain syndrome accounts for 25-46% of all knee injuries (29,34) and 
anterior cruciate ligament (ACL) injuries for approximately 26% of all internal knee 
derangements (19,27). Next to the short and long-term physical and professional consequences 
of both knee injuries, it can also result in high economical costs (17). Due to this high socio-
economical relevance and long-term effects on the personal (25) and professional future of the 
athlete, screening programmes have therefore been developed to determine injury risk.    
  
The main goal of preventive screening for knee injuries is to objectively examine an athlete’s 
movement and their control of the external moments acting on the lower limbs. Following 
screening, clinicians should be able to describe athletes’ movement and loading patterns and 
subsequently develop a neuromuscular training programme with the intention to improve “at 
risk” movement patterns (23). Several biomechanical screening tests have been developed using 
three-dimensional (3D) motion analysis and force plates to determine the movement pattern of 
an athlete during specific tests trying to mimic injury related movements and associated loading. 
In this respect, side-cutting manoeuvres (2), drop vertical jumps (DVJ) (18), single leg drop 
vertical jumps (33), side-stepping tasks (24,37), drop landings (8) have all been used previously 
to determine the biomechanical and/or neuromuscular parameters that have a predictive value 
for lower limb injuries. However, the interpretation and comparison of these studies present 
some limitations regarding validity and reliability because of the use of different screening tasks 
and different biomechanical methods. There is a general lack of good evidence on reliability of 
biomechanical outcome measures from these screening tasks (2,14). Quantification of the 
reliability will allow clinicians to distinguish a true difference in performance from a difference 
caused by variability, and this is essential for clinical decisions making.    
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A key factor in motion analysis is the ability of multiple researchers to reliably measure kinetic 
and kinematic variables in athletes both within and between days. In motion analysis, three or 
more markers are attached onto a segment and marker trajectories are recorded while a 
participant performs a specific task. A combination of multiple researchers, anatomical 
placement of markers, and soft tissue artefacts can lead to errors in the collected data. Schwartz 
et al. (31)  reported different sources of error in gait data. Intrinsic errors represent either trial 
to trial or subject to subject variability. These intrinsic errors cannot be reduced but are 
important to interpret baseline data from one testing moment. Extrinsic errors, on the other 
hand, arise from intra- and inter-therapist variability (31). Kadaba et al. (20) demonstrated that 
kinematic and kinetic data of control subjects during normal gait were more reliable within a 
session than between sessions (20) suggesting a higher extrinsic error. Error in the reapplication 
of the reflective markers has been demonstrated as an important extrinsic error which may lead 
to rather low reliability (13,20,26). The identification of the correct anatomical landmark is 
dependent on the precision of the therapist, so the intra- and intertherapist precision may have 
a negative effect on the accuracy of the subsequent calculated kinematics. Additionally, the 
movement between markers and the underlying bone (soft tissue artefacts) may also influence 
the accuracy of the kinematics (21). Manal et al. showed that the largest error between skin 
markers and the underlying bone is outside of the sagittal plane  
(22). This can be problematic as rotations in the frontal and transversal plane during specific 
screening tasks may provide clinicians valuable information about the injury risk of athletes 
(18,32).  
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Studies focusing on the reliability of biomechanical parameters during screening tasks and more 
specifically during DVJ tasks, are scarce. Ford et al. reported ‘good to excellent’ reliability 
(within ICC ≥ 0.778, between ICC ≥ 0.748) of most of the kinetic and kinematic parameters 
during a DVJ task for both discrete values and waveform comparisons (14).  In that study, only 
intra-class correlation coefficients (ICC) and coefficients of multiple correlations (CMC) were 
analysed without reporting the temporal variability at each time point in a waveform. 
Additionally, the different types of variability (inter-trial, inter-session and inter-therapist 
variability) were not analysed. Furthermore, the study was conducted using a linked-segment 
biomechanical model (14) using an anatomically defined knee joint axis and hip joint centre 
locations. This is a technique of kinematic analysis which might yield more inaccurate joint 
centre determination (3,28). The reported reliability values of Ford et al. cannot therefore be 
transferred to a more contemporary biomechanical model based on sixdegrees-of-freedom 
segments and functional methods for defining joint centre locations (28,36). As DVJs are 
already widely used as screening task, examination of the reliability of multiple lower limb 
biomechanical parameters is necessary to quantify its true value for making clinical decisions.   
  
The aim of the present study was to assess the reliability of the kinematic and kinetic peak 
values as well as of the waveforms of the most relevant lower limb parameters obtained from 
the Liverpool John Moores University biomechanical model (LJMU-model) during  
performance of a DVJ. This study should facilitate the clinical interpretation of results of DVJ 
screening tests by quantifying the different types of intrinsic and extrinsic variability of 
measuring DVJ performance.   
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Methods  
Participants  
Eight recreationally active soccer players consented to participate in this study (four male; four 
female; age: 25.8 ± 4.4 yrs; body weight: 64.8 ± 7.2 kg; height: 1.7 ± 0.1 m). Participants wore 
standardized indoor footwear (KELME INDOOR COPA) and where necessary, long hair was 
tied up to avoid marker occlusion. All participants had no history of knee injury and were injury 
free for six months prior to data collection. Before participating in the study, all subjects read 
and signed the informed consent form, which was approved by the local ethics committee.  
  
Design  
A repeated-measures design was used in which each subject performed 6 DVJ sessions. Two 
observers (therapists) both clinical experience-matched researchers, conducted three sessions 
each. Each subject performed four sessions on the first test day, two conducted by each therapist 
with a resting period between the different sessions of one hour and two sessions on the second 
day, one by each therapist. There was one day gap between both testing days. Additionally, all 
reflective markers were removed and reapplied for each session. The session order was 
randomized within and between days.  To diminish potential bias between therapists, both 
therapists were blind to each other’s marker placement and removal (10,30).   
  
Protocol  
Each test session started with a standardized warm-up programme, which consisted of two series 
of bipodal squats (2x8) and bipodal jumps (2x5). Subjects were allowed to familiarize with the 
tasks by performing three practice repetitions before the start of the tests. Body weight and 
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height were measured before the test session by using respectively a scale (SECA, Hamburg, 
Germany) and a portable stadiometer (SECA, Hamburg, Germany).  
  
During DVJ, subjects were instructed to drop off a box of 0.3 m with their feet positioned 0.2 
m apart, and on landing to immediately perform a maximum vertical jump. Subjects were also 
instructed to reach upwards with both hands, as if performing a block in volleyball (16). A 
minimum of 3 valid trials were completed (33). A trial was excluded if subjects jumped off the 
box instead of just dropping, if both feet did not land on the force plates, if subjects reached 
upwards with only one hand, or if subjects clearly lost balance or fell during the test (18).  A 
one-minute rest period between consecutive trials was permitted to avoid fatigue  
effects.   
  
3D LJMU-model  
Each participant had 44 spherical reflective markers positioned according to the 6-degrees-
offreedom eight segment ‘Liverpool John Moores University’ (LJMU) model including feet, 
upper and lower legs, pelvis and trunk (35) (See Appendix, Supplemental Digital Content 1, 
http://links.lww.com/MSS/A300. Segmental coordinate systems were defined as reported 
previously (3,36) using separate trials for anatomical calibration (6) and for calculating 
functional hip joint centres (30) and functional knee joint axes (3,28). All modelling and 
analyses were undertaken in Visual 3D (v.4.83, C-MOTION, Germantown, MD, USA) using 
geometric volumes to represent segments based on cadaver segmental data (9).  
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Data collection  
DVJ tasks were completed on two individual 0.9 x 0.6 m Kistler (Winterthur, Switzerland) force 
plates registering ground reaction forces of both legs separately.  Force plate data was sampled 
at 1500 Hz. 3D kinematic data were simultaneously (time synchronized) recorded with the force 
data in Qualisys Tracking Manager (Qualisys AB, Gotheburg, Sweden) using 10 Oqus cameras 
sampling at 250 Hz.  
  
Data analysis and statistics  
Marker trajectories and forces were both filtered using a 4th order low pass Butterworth filter 
with a cut off frequency of 20 Hz (4). Initial contact and take off events were created when the 
vertical force crossed a 20 N threshold. Kinetic and kinematic data were normalized to 100% 
of the stance phase between initial contact and take off. Only the first landing (first contact) 
within each DVJ trial was used for analysis. Additionally, only the dominant leg was analysed 
and this was defined as the preferred leg to kick a ball (15).  
  
Joint angles and joint moments were calculated for the lower limbs. The joint moments were 
calculated using inverse dynamics. External joint moments are described in this study; i.e. an 
external knee abduction load will tend to abduct the knee  (move the distal tibia away from the 
midline of the participant’s body) (18). The peak moments and the peak joint angles were 
calculated during the first contact phase on the force plates, between initial contact and take  
off.   
The reliability of the DVJ data was analysed by calculating the inter-trial (otrial), inter-session  
(osess) and inter-therapist (other) errors (7,10,31), for both the discrete values and waveforms 
(every point during the landing phase) of hip and knee joint parameters. Inter-trial error is the 
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variability of the subjects’ movement pattern, more specifically the intrinsic variability of 
performing the specific task multiple times. The inter-session error is the variability between 
testing sessions within a single observer. The inter-therapist error measures the variability 
between observers undertaking the DVJ evaluation (31). Additionally, the inter-trial error is 
free of methodological errors and thereby serves as an ideal baseline to compare the impact of 
other types of possible methodological errors (31). Therefore, the difference between the inter-
therapists error and inter-trial error (other -trial ), and the ratio between the inter-therapists error 
and inter-trial error (other / otrial), are a representation of the influence of extrinsic experimental 
errors in both absolute and relative terms, respectively.    
  
Results  
The peak kinematic and kinetic data and the inter-trial (otrial), inter-session (osess) and 
intertherapist (other) errors are presented in Table 1.   
The otrial  of the peak values of both hip and knee joint kinematic and kinetic parameters in the 
different planes were ≤ 3.8° and ≤ 12.9 N . m, respectively.  
The peak knee abduction/adduction angle had the smallest amount of intrinsic variability (1.1°). 
Conversely, the measurements with the largest amount of intrinsic variability were knee 
flexion/extension and hip flexion/extension angles (3.8° and 3.5°, respectively).  The osess of the 
peak angles ranged from 2.4° - 5.7° for observer A and from 1.9° - 5.5° for observer B. The osess 
of the peak external moments varied from 5.4 N . m - 15.8 N . m for observer A and from 5.4 N 
. m - 19.8 N . m for observer B. The other of the peak values ranged from 2.7° - 6.4° for all angles 
and from 5.8 N . m - 22.4 N . m for the hip and knee joint external moments in all planes.   
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The majority (10 out of 12) of the kinematic and kinetic peak parameters had a other /otrial ≤ 1.9 
(Table 1). The knee abduction angle and the hip external rotation angle had a other /otrial of 
respectively 2.5 and 2.4 suggesting that a larger proportion of error arose from methodological 
sources compared to the other variables. Furthermore, an estimation of the surplus in variability 
from inter-therapist variability in addition to the inter-trial variability (other-trial) shows that both 
kinematic and kinetic hip and knee parameters in the sagittal plane have the largest absolute 
extrinsic variability on top of the inter-trial variability.  
  
The waveforms of the kinematic parameters (Figure 2) showed that all the different types of 
error are quite consistent over the entire time period of the landing phase. In contrast, the 
waveforms of the kinetic parameters (Figure 3) showed noticeable peaks at the first 20% and in 
some cases also the last 10% of the contact phase. Most of the variability peaks occurred when 
the peak loading occurred. The waveforms also showed, in accordance with the peak values, a 
rather high otrial  in relation with other types of variability. Visual observation showed that the 
difference between the intrinsic (otrial)  and the extrinsic variability parameters (osess and other) 
was small over the entire waveform, especially for the hip and knee moments in the sagittal 
plane.  
  
Discussion  
The purpose of this study was to assess the reliability of hip and knee joint kinematic and kinetic 
outcome measures during a DVJ task using the LJMU biomechanical model. With the DVJ 
being part of many injury screening programmes, it is important to know how the variability in 
outcome associated with the subject’s performance and the variability associated with the 
methodology employed, interrelates. Reliable joint kinematics and kinetics are characterized by 
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a small inter-trial, between-day, and intra- and inter-therapist variability (11,31). The results of 
this study have shown, in relation with gait analysis data (31) that the hip and knee kinematic 
and kinetic outcome measures are reliable based on the different types of errors and warrant the 
clinical use of DVJ as a screening task (Table 1, Figure 2 and Figure 3). Furthermore, current 
findings showed that the LJMU biomechanical model during DVJ performance is characterized 
by robustness in terms of extrinsic variability suggesting that multiple clinicians may use this 
model during DVJs in different sessions without compromising reliability.  
  
Results of this study showed an inter-trial error (otrial) that ranged from 1.1° - 3.8° for all peak 
kinematic parameters and from 3.6 N . m – 12.9 N . m for all peak kinetic parameters. The peak 
knee and hip joint angles and moments in the sagittal plane (flexion-extension) during DVJ 
showed the highest otrial. The intrinsic error in the knee (otrial knee angle = 3.8°) and hip flexion 
angles (otrial hip angle = 3.5°) is only slightly larger compared to the errors reported by  
Schwartz et al. during gait analysis (otrial knee angle = 3.1°; otrial hip angle = 2.0°) (31). However, 
taking into account the variability of gait data (31), the dynamic nature of a DVJ, and the range 
of motion (ROM knee: 90.4° / 151.6 N . m; ROM hip: 70.2° / 149.8 N . m) of these specific 
kinematic and kinetic outcome measures during DVJs, the otrial  of the knee and hip flexion-
extension angle/moment (3.8° / 9.1 N . m and 3.5° / 12.9 N . m respectively) still have indicated 
a good reliability.   
  
In accordance with Schwartz et al. (31), the inter-session variability (osess)  of all peak  
kinematic and kinetic parameters was higher for both osess therapist a and osess therapist b than the otrial, 
suggesting a larger variability between sessions than between trials within a session. There were 
no significant differences between osess therapist a  and osess therapist b highlighting the same accuracy 
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and experience of both therapists with the exception of the knee rotation angle error where the 
error of therapist A is higher than the error of therapist B.   
  
The inter-therapist errors (other) of all kinematic parameters were slightly larger  in this study 
then the other   in a previous study focussing on gait analysis (31). However, this did not have a 
significant impact on the other /  otrial and other-trial  of most of the kinematic and kinetic parameters. 
Both other / otrial and other-trial  may suggest that only a small proportion of the total variability 
arose from extrinsic methodological sources. This phenomenon can be explained on one hand 
by the relatively high intrinsic variability (otrial) of a dynamic task, and on the other hand by the 
relatively small osess and other..  However, a high otrial could be deceiving and subsequently lead 
to a small other /otrial.   Therefore, we also analysed an estimation of the surplus in variability 
form inter-therapist variability on top of the inter-trial variability expressed by other-trial. The other-
trial for the kinematics and kinetics in the frontal and transverse plane were ≤ 2.0° and ≤ 4.3 N . 
m, respectively. In contrast, the other-trial of the hip flexion/extension angles and moment were 
2.9° and 9.5 N . m, respectively. This may be explained by the larger range of motion in the 
sagittal plane compared to the other planes.   
This suggests that DVJ tasks have a slightly higher intrinsic variability compared to gait, due to 
the dynamic nature of the task and the large joint range of motions. In contrast, the extrinsic 
variability which refers to errors of methodological sources (soft tissue artefacts, marker 
reapplication errors) appears very low indicating the robustness of the LJMU-model for analysis 
of DVJs. Perhaps one reason for the small extrinsic variability is the use of functional joint 
centres in LJMU biomechanical model (28,36). As long as tracking markers of pelvis, thigh and 
shank are attached sufficiently rigidly to the segment, the method depends less on anatomical 
12  
  
marker applications at hip and knee joints, and thus decreases the experimental errors from 
between-day, and intra- and inter-therapist variability.   
  
Previous reliability studies focusing on DVJs reported mostly ICC coefficients of peak values 
of kinematic and/or kinetic parameters (12). The few studies that assessed the time-series of the 
parameters of interest during DVJs represented the reliability using CMCs (23). Clinicians have 
to be aware of these different approaches as e.g. CMCs do not represent the temporal aspect of 
waveforms at each point in the time-series.  CMCs represent the variability of the entire 
waveform in one value without indicating the variability at each point of the timeseries. As 
specific movement parts might have larger variability, waveform analysis of the different types 
of variability at each point in time according to the Schwartz method were used in the present 
study (Figure 2 and 3) (31). Visual observations of the entire waveforms of the inter-trial, inter-
session and inter-therapist errors of the knee and hip angles showed consistent waveform 
patterns over time suggesting a constant amount of intrinsic and extrinsic variability 
independently of a specific point in time as represented by a flat line on the figure (Figure 2). 
In contrast, the waveforms of all types of variability of the external knee and hip moments 
showed a variability pattern that changes over time (Figure 3). Most of the variability peaks 
occurred around the peak loading, probably due to variability of the ground reaction force peak 
at impact suggesting that measures taken around impact (0-20% of contact phase) are more 
variable.  
  
Multiple studies have used a DVJ to investigate the effect of an intervention or group differences 
using knee and hip kinematic and/or kinetic parameters. These studies often highlighted 
significant differences between groups or significant effects of interventions, based on statistical 
comparisons using means and standard deviations of specified groups or conditions. However, 
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the potential impact of different types of intrinsic and extrinsic errors was not considered in 
most of those clinical interpretation processes. For example, Myer et al. assessed the effect of 
neuromuscular training in “high-risk for ACL injury” athletes (23). The athletes showed a 
significant (p = 0.033) decrease of 5.3 N . m in the external knee abduction moment following 
training (Pre-test: 39.9 ± 15.8 N . m to Post-test: 34.6 ± 9.6 N . m) suggesting that their 
intervention was successful. It is definitely important to mention that the study of Myer et al. is 
conducted with a different biomechanical model.  Making the assumption that the model, 
laboratory setup and testers where the same as this study, where the present findings indicate 
an inter-session error of 7.1 N . m for the same variable, the effect of the intervention on external 
knee abduction moment would need to be greater in order to be considered meaningful. Below 
that value, clinicians cannot distinguish whether the effect is caused by inter-session variability 
or by the intervention. This highlights that it is important to consider the different types of 
variability during clinical interpretation of groupbased experimental results.   
  
To further illustrate the effect of variability on clinical interpretation processes we present an 
exemplary case (Figure 4). One female athlete (24 yrs, 64.5 kg, 1.68 m) was biomechanically 
screened before the start of the season by performing DVJs. She was categorized as “highrisk” 
for sustaining an ACL injury based on a high peak external knee abduction moment (absolute 
peak KAM = 61.18 N . m)  which is believed to have a predictive value for ACL injuries (18). 
Six weeks after screening, she suffered a full ACL rupture during a competition match. The 
ACL was surgically reconstructed. The post-intervention test, after six months of rehabilitation 
showed a substantially lower external knee abduction moment (absolute peak KAM = 35.81 N 
. m). When interpreting this change over time, it is very important to take the intrinsic (otrial)  
and extrinsic variability (osess  and other) into account. Had the difference between pre- and post-
intervention been rather small (e.g. 3 N . m), then it would have been difficult to show 
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differences between pre- and post-intervention taking the experimental error into account (other 
= 7.3 N . m). Nevertheless, as sample size requirements and effect size have an inverse 
relationship (5), based on the findings of this study, we may suggest that a small effect size in 
combination with a rather large experimental variability emphasizes the need for a large sample 
size to demonstrate differences between groups or conditions (5).   
  
The current study has quantified the reliability of the kinematics and kinetics of DVJs using the 
LJMU-model. Kinematic and kinetic outcome measures of DVJs can be measured in a reliable 
way by one or multiple therapists with the intention to screen athletes trying to prevent lower 
limb injuries. The present findings have indicated that the LJMU-model is characterized by its 
robustness in analysis of  DVJ performances and that its use can facilitate clinical interpretation 
processes of screening results taking into consideration the different types of variability over 
time. This allows the development of a database of normative biomechanical outcome measures 
during DVJs with the intention to distinguish “high-risk” athletes from the normative group. 
Furthermore, the LJMU-model is a simplified derivative of the University of Western Australia 
(UWA) model that has been extensively used in  
literature. The results of this study are lab specific, however these results may serve as a basis 
of the reliability of the performance of DVJs for other research groups using the UWA or  
LJMU-model.    
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Tables   
Table 1: Summary of the mean range of motion (ROM) (° or N . m), mean peak-values (° or N . m) of 
the kinematic (joint angles) and kinetic (external joint moments) outcome measures of the hip and knee 
joint measured by both therapists during the first landing phase of the DVJ. Additionally the different 
types of experimental errors of the peak-values were analyzed using the Schwartz statistical method.  
Mean ROM  Mean peak-value  otrial  osess ther a  osess ther b  other  other-trial 
 other/trial   Kinematics (°)  
 (SD)  (SD)   
 
Hip Flex(-)/Ext(+)   70.2 (12.6)  -75.1 (12.1)  3.5  5.7  5.5  6.4  2.9   1.8    
Hip Abd(-)/Add(+)   8.4 (5.0)  -3.4 (6.0)  1.7  3.1  2.3  2.8  1.1   1.7    
Hip Ext(-)/Int(+)  rot   14.4 (7.1)  -18.3 (7.6)  1.4  3.6  2.9  3.4  2.0   2.4    
Knee Flex(-)/Ext(+)   90.4 (10.9)  -96.5 (10.8)  3.8  5.2  5.3  5.5  1.7   1.5    
Knee Abd(-)/Add(+)   12.2 (2.2)  -11.1 (3.3)  1.1  2.9  1.9  2.7  1.6   2.5    
Knee Ext(-)/Int(+) rot   11.7 (3.6)  6.3 (4.0)  1.5  2.4  3.2  2.9  1.4   1.9    
                    
Kinetics (N . m)  
Mean ROM  
(SD)   
Mean peak-value  
(SD)   
otrial  osess ther a  osess ther b  other  other-trial  other/trial    
 
Hip Flex(+)/Ext(-)   149.8 (55.9)  109.3 (34.8)  12.9  15.8  19.8  22.4  9.5   1.7    
Hip Abd(+)/Add(-)   57.3 (17.9)  -23.7 (14.8)  6.4  10.4  9.8  10.7  4.3   1.7    
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Hip Ext(+)/Int(-) rot   33.7 (7.5)  -24.4 (7.8)  3.7  5.5  5.4  5.8  2.1   1.6    
Knee Flex(+)/Ext(-)   151.6 (28.2)  133.6 (25.2)  9.1  10.5  12.8  12.5  3.4   1.4    
Knee Abd(+)/Add(-)   40.5 (13.5)  32.1 (13.1)  4.8  7.8  6.3  7.3  2.5   1.5    
Knee Ext(+)/Int(-) rot   21.9 (8.6)  -13.1 (11.0)  3.6  5.9  6.2  6.2  2.6   1.7    
  
  
  
Figure 1: Study design  
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Figure 2: Hip (      )  and knee (       ) angles are presented (left side graphs) with the different types of  
hip and knee joint errors (right side graphs): otrial (       ), osess therapist a (       ), osess therapist b (       ), other (     ).  
The x-axis expresses the normalized timeframes between initial contact and take off.   
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Figure 3: Hip (      )  and knee (       ) external moments are presented (left side graphs) with the different 
types of hip and knee joint errors (right side graphs): otrial (      ), osess therapist a (      ), osess therapist b (      ) , other 
(      ). The x-axis expresses the normalized timeframes between initial contact and take off.  
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Figure 4: Point by point analysis of pre-ACL injury data and 6 months post-operative (+ rehabilitation) 
data of one subject (preliminary data) shows a significant difference between pre- and post- intervention 
for the time period from 24%-75% suggesting a significant decrease in external knee abduction moment 
after the ACL reconstruction taking the other into account.  
    
Supplementary Material  
 1.1.  Anatomical Markers  
  
 
C7  Processus spinosus vertebra C7  
STERNUM  Sternum  
XIP_PROC  Xiphoid process  
T8  Processus spinous vertebra T8  
ACROM_L  Acromion left (acromioclavicular joint)  
ACROM_R  
  
Pelvis  
Acromion right (acromioclavicular joint)  
 
ASIS_L  Anterior sacral iliac spine left  
PSIS_L  Posterior sacral iliac spine left  
Trunk  
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ILCREST_L  Iliac crest left  
ASIS_R  Anterior sacral iliac spine right  
PSIS_R  Posterior sacral iliac spine right  
ILCREST_R  
  
Lower limbs  
Iliac crest right  
 
GTROC_L  Greater trochanter left  
KNEE_MED_L  Knee medial femoral epicondyle left  
KNEE_LAT_L  Knee lateral femoral epicondyle left  
MAL_MED_L  Malleolus medial left  
MAL_LAT_L  Malleolus lateral left  
HEEL_L  Heel left  
MTH1_L  Metatarsal head 1 left  
MTH5_L  Metatarsal head 5 left  
    
GTROC_R  Greater trochanter right  
KNEE_MED_R  Knee medial femoral epicondyle right  
KNEE_LAT_R  Knee lateral femoral epicondyle right  
MAL_MED_R  Malleolus medial right  
MAL_LAT_R  Malleolus lateral right  
HEEL_R  Heel right  
MTH1_R  Metatarsal head 1 right  
MTH5_R  Metatarsal head 5 right  
 
  
    
1.2 Marker Clusters  
 
UL_PR_ANT_L  Upper leg proximal anterior left  
UL_PR_POST_L  Upper leg proximal posterior left  
UL_DI_ANT_L  Upper leg distal anterior left  
UL_DI_POST_L  Upper leg distal posterior left  
    
LL_PR_ANT_L  Lower leg proximal anterior left  
LL_PR_POST_L  Lower leg proximal posterior left  
LL_DI_ANT_L  Lower leg distal anterior left  
LL_DI_POST_L  Lower leg distal posterior left  
    
UL_PR_ANT_R  Upper leg proximal anterior right  
UL_PR_POST_R  Upper leg proximal posterior right  
UL_DI_ANT_R  Upper leg distal anterior right  
UL_DI_POST_R  Upper leg distal posterior right  
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LL_PR_ANT_R  Lower leg proximal anterior right  
LL_PR_POST_R  Lower leg proximal posterior right  
LL_DI_ANT_R  Lower leg distal anterior right  
LL_DI_POST_R  Lower leg distal posterior right  
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1.3 Physically placed markers   
  
    
1.4 Virtual landmarks  
 
THORAX_PROX  Midpoint between C7 and STERNUM  
THORAX_DIST  Midpoint between T8 and XIP_PROC  
F_L(R)HIP  Functional hip joint   
F_L(R)KNEE  Functional knee joint   
F_L(R)KNEE_X  Projected landmark offset along functional knee axis  
L(R)LK  Lateral knee joint marker projected onto functional knee axis  
L(R)MK  Medial knee joint marker projected onto functional knee axis  
L(R)ANKLE  Midpoint between MAL_MED_L(R) and MAL_LAT_L(R)  
L(R)TOE  Midpoint between MTH1 and MTH5  
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1.5 Segment definitions (anatomical and technical frames)  
  
Thorax/Abdomen:  
Origin: Midpoint of the line connecting the ACROM_R and ACROM_L  
Z-axis: Line connecting the Origin and the midpoint of ILCREST_R and ILCREST_L, 
pointing vertically  
Y-axis: Line perpendicular to the Z-axis and a least-squares plane fit to the  
ACROM_L, ACROM_R, ASIS_L and ASIS_R, pointing anteriorly  
X-axis: Cross-product of the plane formed by the Z and Y axes, pointing laterally 
Tracking Markers: C7, STERNUM, T8, XIP_PROC  
Pelvis:  
Origin: Midpoint of the line connecting ILCREST_R and ILCREST_L  
Z-axis: Line connecting the Origin to the midpoint of the line connecting the 
GTROC_R and GTROC_L, pointing vertically  
Y-axis: Line perpendicular to the Z-axis and a least-squares plane fit to the  
ILCREST_R, ILCREST_L, GTROC_L and GTROC_L, pointing anteriorly  
X-axis: Cross-product of the plane formed by the Z and Y-axes, pointing laterally 
Tracking Markers: From ASIS, PSIS, ILCREST  
Thighs:  
Origin: Coincident with F_L(R)HJC  
Z-axis: Line connecting F_L(R)HJC to midpoint of the line connecting L(R)LK and 
L(R)MK, pointing upwards  
Y-axis: Line perpendicular to the Z-axis and the plane formed by L(R)LK and  
L(R)MK, pointing anteriorly  
X-axis: Cross-product of the plane formed by the Z- and Y-axes, pointing laterally  
Tracking Markers: Upper Leg marker cluster  
  
  
Shanks:  
Origin: Midpoint of the line connecting L(R)LK and L(R)MK  
Z-axis: Line connecting midpoint of the L(R)LK and L(R)MK and L(R)ANKLE, pointing 
vertically  
Y-axis: Line perpendicular to the Z-axis and the plane formed by the L(R)MK,  
L(R)LK and L(R)ANKLE, pointing anteriorly  
X-axis: Cross-product of the plane formed by the Z and Y-axes, pointing laterally 
Tracking Markers: Lower Leg marker cluster   
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Feet:  
Origin: Coincident with L(R)ANKLE  
Z-axis: Line connecting L(R)ANKLE and the midpoint of the line between  
MTH5_L(R) and MTH1_ L(R), pointing posteriorly  
Y-axis: Line perpendicular to the Z-axis and plane formed by the L(R)ANKLE,   
MTH5_L(R) and MTH1_L(R), projecting vertically  
X-axis: Cross-product of the plane formed by the Z and Y-axes, pointing right Tracking 
Markers: From HEEL, MTH5, MTH1, MAL_LAT  
  
Virtual Feet:  
Origin: Coincident with HEEL_L(R)  
Z-axis: Line connecting HEEL_L(R) and L(R)TOE, pointing vertically  
Y-axis: Line perpendicular to the Z-axis and plane formed by the HEEL_L(R),  
L(R)TOE & RANKLE, pointing anteriorly  
X-axis: Cross-product of the plane formed by the Z and Y-axes, pointing laterally 
Tracking Markers: HEEL, MTH5, MTH1  
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